Extreme conditions such as low temperature, dryness, and constant UV-radiation in terrestrial Antarctica are limiting factors to the survival of microbial populations. The objective of this study was to investigate the microbial diversity and enumeration between the open water lakes of Schirmacher Oasis and the permanently ice-covered Lake Untersee. The lakes in Schirmacher Oasis possessed an abundant and diverse group of microorganisms compared to Lake Untersee. Furthermore, the microbial diversity between two lakes in Schirmacher Oasis (Lake L27C and L47) was compared by culture-based molecular approach. It was determined that L27C had a richer microbial diversity representing 4 different phyla and 7 different genera. In contrast L47 consisted of 3 different phyla and 6 different genera. The difference in microbial community could be due to the wide range of pH between L27C (pH 9.1) and L47 (pH 5.7). Most of the microbes isolated from these lakes consisted of adaptive biological pigmentation. Characterization of the microbial community found in the freshwater lakes of East Antarctica is important because it gives a further glimpse into the adaptation and survival strategies found in extreme conditions.
INTRODUCTION
Antarctica is one of the coldest and driest continent on Earth and microorganisms inhabiting on this icy continent are referred to as extremophiles. These microorganisms often exhibit unique adaptive and survival capabilities, and play an essential role in nutrient recycling for the Antarctic ecosystem. It was originally hypothesized that due to the extreme cold conditions the Antarctic continent is devoid of life. To our knowledge, Erik Ekelöf (1908a, b) 1, 2 was the first to report microbial existence in Antarctica. This was later confirmed by other scientists [3] [4] [5] [6] [7] [8] [9] by describing microbial life found in Antarctic soil and water. Due to the development of more sophisticated techniques, molecular based approaches are currently being used to determine microbial diversity in Antarctica. In particular, 16S rRNA gene has become the standard taxonomical gene for bacterial identification. Using these techniques it is now known that Antarctica freshwater lakes possess a moderately rich microbial population (Huang et al., in preparation) 10 . The primary objective of this study is to determine the microbial diversity and enumeration found in the freshwater land-locked lakes of Schirmacher Oasis and the perennially ice-covered Lake Untersee in the Dronning Maud microorganisms among lakes through snow melt, surface channels, and catabolic wind. Lake Untersee, on the other hand, is a closed water system, which is perennially frozen and thus there is limited amount of mixing of microorganisms. Another objective is to use culture-dependent methodology along with molecular techniques to determine the microbial diversity and abundance between two of the freshwater land-locked lakes, L27C and L47, in order to see if there is any correlation in microbial profile between the two freshwater land-locked lakes.
MATERIAL AND METHODS
2.1. Study Site 2.1.1. Schirmacher Oasis. The Schirmacher Oasis is 3 km wide, 20 km long and consists of over 180 lakes (Matondkar, 1986) 11 The Russian Antarctic Station Novolazarevskaya (70°46'04" S and 11°49'54" E) and the Indian Station Maitri (70°45'57"S, 11°44'09"E) are located in the Schirmacher Oasis. Within this Oasis, there are two lakes, L27C and L47, which are both formed by melt water from the Schirmacher glacier during the summer months ( Figure 1 ). These lakes in Schirmacher Oasis are open water systems and are expected to experience cross-mixing of microorganisms either through the melting of the snow during summer months or by near continuous high wind (15-100 km h -1 ). The open water system is exposed to seasonal and often diurnal freezing and thawing cycles; continuous solar radiation during summer months and completely frozen and often covered with snow during the winter months. 2.1.2. Lake Untersee. Lake Untersee is a perennially ice-covered, ultra-oligotrophic lake in the Otto-von-GruberGebirge (Gruber Mountains) of Central Dronning Maud Land (Figure 2 ). Lake Untersee is a closed freshwater system due to the lake being perennial ice-covered thus there is little to none intermixing between the outside environment and Lake Untersee. 
Sampling.

Schirmacher Oasis.
Water samples were collected in sterile Whirl-Pak™ bags and sample bottles from the surface (~3-4 inches from the water surface) or by lightly scrapping the rock surfaces where normally the melting of the ice occurs during the day time and freezes during the night hours. The physico-chemical parameters of local ecosystems (pH, salinity, conductivity and temperature) were measured in situ and documented at the moment of sampling for both L27C and L47 ( Table 1 ). The samples were transported frozen to UAB. All samples were stored at -20ºC until used. Triplicate samples were collected and used for all experiments. 2.3.1. Plating on R2A agar and PCR parameters. 50 µl of sample from L27C was plated onto R2A agar and was grown at 15°C until fully formed colonies appeared on the plate (~ 2 week). Individual colonies were picked based on the morphologically distinct colonies (color, shape, texture, size, opacity) and subcultured onto fresh R2A plates. DNA from individual colonies on the R2A agar plates were randomly selected and boiled for 10 min to release DNA and quickly transferred onto ice.
An aliquot (3 µl) of the boiled sample was PCR amplified targeting the eubacterial 16S rRNA gene using the forward primer 18F (5'-AGAGTTTGATCATGGCTCAG-3') and reverse primer 1509R (5'-GGTTACCTTGTTACGACTT-3') (Martinez-Murcia et al., 1999).
12 PCR parameters were used as follows: 5 U of Taq DNA polymerase (Promega), 1X PCR buffer (5 mM Tris.Cl, pH 8.9; 5 mM KCl, 2.5 mM MgCl 2 ), 200 µM each of the dNTPs, 0.5 µM of each of the oligonucleotide primers, and 3 µl of the template DNA. The reaction volume was adjusted to 25 µl with sterile distilled water. The PCR cycling parameters consisted of an initial denaturation step at 95°C for 5 minutes followed by 25 cycles of amplification with denaturation at 95°C for 1 min, primer annealing at 55°C for 1 min and primer extension at 72°C for 2 min. Following 25 cycles of amplification, a final extension step was at 72°C for 10 minutes. The samples were stored at 4°C until used.
Construction and analyses of 16S rRNA gene clone libraries.
The amplified PCR products were ligated overnight onto the pGEM-T™ Easy vector system (Promega). Plasmid DNA was transformed into Escherichia coli
The putative transformed white colonies were on Luria-Bertani agar plates supplemented with ampicillin (50µg/mL) antibiotic, 100 µL of IPTG (100mM) and 20 µl of X-gal (40 mg/ml). These white colonies were then picked and checked for the correct size by PCR. Plasmids were then extracted by Genscript Quickclean™ 5M Miniprep Kit (Genscript) and sent for sequencing at UAB Center for AIDS Research (CFAR).
Phylogenetic analyses were done by MEGA 4 software (http://www.megasoftware.net/). DNA sequences were aligned and trimmed using CLUSTALW found in MEGA 4 software. Phylogenetic trees were constructed using the Neighbor-Joining (NJ) method of analysis. Furthermore bootstrap sampling method was chosen to determine the reliability of each phylogenetic tree.
Microbial enumeration by direct plate count.
Culturable heterotrophic bacteria were enumerated by the spread plate method. Fifty microliters of sample was plated onto R2A agar plates (Difco/Becton Dickinson) and incubated at 4°C and 15°C in triplicates. When the colonies were fully formed at each temperature, cfu/mL was determined.
RESULTS
Schirmacher Oasis.
3.1.1. Plating. Through the direct spread plate technique, the samples from L27C and L47 were each plated on R2A agar. It was visually determined that there are many different pigmented bacteria found in L27C and L47 ( Figure 3A and Figure 4A ). These isolates were further isolated and subcultured (as shown in Figure 3B and Figure 4B ). From the L27C samples, there was 17 different isolates were isolated and subcultured. Meanwhile L47 exhibited 10 different isolates ( Figure 3B and Figure 4B ). 
16S rRNA culture-dependent methodology.
To further identify these organisms, culture-dependent methodology was used. Sequences were subjected to BLAST search (www.ncbi.nlm.nih.gov), then aligned and subsequently phylogenetic trees were created using MEGA 4 software in order to distinguish the different genus each isolate belong to. The diversity of heterotrophic microorganisms found in L27C fell into 4 different phyla including: Proteobacteria, Bacteriodetes, Actinobacteria, and Deinococcus-Thermus ( Table 2 ). The majority of the isolates fell within the Phylum Proteobacteria include the genera Janthinobacterium, Duganella and Sphingamonas. Duganella was the most common genus from L27C with 6 different isolates followed by Sphingamonas (4 isolates), Hymenobacter (2 isolates), and Arthrobacter (2 isolates). The genera Janthinobacterium, Subtercola and Deinococcus were also identified by 16S culture-dependent analysis and each contained an isolate. While the diversity of the heterotrophic microorganisms in L47 fell into 3 different phyla including: Proteobacteria, Bacteriodetes and Actinobacteria (Table 3) . Similar to L27C, the Phylum Proteobacteria represented the most organisms found in L47. Janthinobacterium and Hymenobacter were the most common (2 isolates each) while Sphingamonas, Rhodopseudomonas/Bradyrhizobium, Massilia, and Cryocola/Salinibacterium were also identified by 16S rRNA culture-dependent methodology with one isolate each.
Bacterial enumeration.
Enumeration of microbial community found in L27C and L47 was analyzed by direct plate counts (Table 4 ). The average cfu/ml between 4ºC and 15ºC for L27C was 1.04 x 10 7 ± 1.5 cfu/ml while the 3.2. Lake Untersee. Compared to the samples from the Schirmacher Oasis (open lake system) there was low amount of microbial diversity and enumeration found in the closed system Lake Untersee. Samples from Lake Untersee were collected at different depths but only the sample from 70 meters displayed a significant amount of microbes ( Table 5) .
Because of the lack of growth at all other depths besides 70 meters, 16S rRNA gene culture-dependent methodology was only used on the samples from this depth. Sequencing revealed two different phyla from the samples from Lake Untersee: Proteobacteria and Bacteriodetes (Table 6 ). Both phyla were equally prevalent in the samples isolated from Lake Untersee. Flavobacterium was the most abundant (3 isolates) followed by Polaromonas (2 isolates) and Rhodoferax (1 isolate). Table 5 : Bacterial enumeration by direct plate count for samples collected at different depths of Lake Untersee. Plates were incubated at 4ºC until growth was visible. 
DISCUSSION
The primary objective of this study was to assess the microbial diversity between the Schirmacher Oasis (open system) and Lake Untersee (closed system). Using culture-dependent methodology and 16S rRNA gene the open water lake system of Schirmacher Oasis has a greater microbial diversity and enumeration than the closed system in Lake Untersee. Between L27C and L47, there were 5 different phyla and 10 different genera while Lake Untersee only possessed 2 different phyla and 3 different genera. Interestingly there was no common genus between the Schirmacher Oasis and Lake Untersee. This may be due to sample size as there are over 180 different freshwater lakes in Schirmacher Oasis but only 2 were investigated in this study. As expected, the open water lake system of Schirmacher Oasis has a much greater microbial diversity and enumeration compared to the closed water system of Lake Untersee. This disparity may be due to the mixing of microbes through the surface channels or by catabolic winds and higher level of nutrient availability. Another reason for the low amount of microbes found in Lake Untersee may be due to its intriguing pH variability. The pH measured in situ differs from the pH measured after the water sample is collected. Lake Untersee may have a biologically driven pH system. Another objective of this study is to determine if the microbial diversity between the freshwater land-locked lakes of Schirmacher Oasis have similar microbial profiles. In this study, we have examined two freshwater land-locked lakes: L27C and L47. These two freshwater lakes are separated by a glacier but surface channels and catabolic wind allow for intermixing between these lakes. The microbial diversity of L27C contained 7 different genera while L47 contained 6 different genera. The common genera between L27C and L47 were Sphingamonas, Janthinobacterium, and Hymenobacter. L27C also contained the following genera that were not found in L47: Duganella, Subtercola, Arthrobacter, and Deinococcus. Additionally, the genera Massilia, Rhodopseudomonas/Bradyrhizobium and Cryocola/Salinibacterium were identified in L47 but not in L27C. These different microbial communities may be due to the difference in pH between L27C (pH 9.1) and L47 (pH 5.7) ( Table 1) . Such a large difference in pH could determine which microbes can adapt and survive in each environment. Some microorganisms are able to withstand a wide pH range and thus there are some similarities between the microbial diversity of L27C and L47. Due to the lack of specificity of 16S rRNA gene used as a marker, further biochemical tests are needed to distinguish between closely related genera such as Rhodopseudomonas and Bradyrhizobium or Massilia from Janthinobacterium and Duganella.
Biological pigments in extremophile microorganisms in Antarctica have been shown to absorb a wide spectrum of visible and UV lights. These pigments have been hypothesized to play an important role in the adaptation of these microorganisms in high Antarctic solar radiation environment. As shown in Figure 3a and Figure 4a , there are a considerable number of pigmented bacteria found on the agar plates. These colors include red, yellow, orange, purple, pink, and white. Furthermore, Mueller et al., suggested that some of these pigments may help prevent anti-oxidative stress (2005) 16 . Additionally these pigments may have clinical significance. Mojib et al., (2010) 15 showed that the pigments extracted from Janthinobacterium sp. and Flavobacterium sp. have antimicrobial effect against certain strains of Mycobacterium.
Further study is needed for a complete understanding of the microbial community by comparing microbial diversity using culture-independent methodologies. It has been suggested that only 1-10% of total microbial load can be detected by culture based approach (Cowan et al. 2007 ) 17 . Utilizing both culture-independent and culture-dependent methodologies would allow for a more complete study in determining microbial diversity in Antarctic freshwater lakes.
